Abstract: Opinion Statements: Cardiovascular diseases (CVDs) encompass a range of conditions extending from congenital heart disease to acute coronary syndrome most of which are heterogenous in nature and some of them are multiple genetic loci. However, the pathogenesis of most CVDs remains incompletely understood. The advance in genome-editing technologies, an engineering process of DNA sequences at precise genomic locations, has enabled a new paradigm that human genome can be precisely modified to achieve a therapeutic effect. Genome-editing includes the correction of genetic variants that cause disease, the addition of therapeutic genes to specific sites in the genomic locations, and the removal of deleterious genes or genome sequences. Site-specific genome engineering can be used as nucleases (known as molecular scissors) including zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9) systems to provide remarkable opportunities for developing novel therapies in cardiovascular clinical care. Here we discuss genetic polymorphisms and mechanistic insights in CVDs with an emphasis on the impact of genome-editing technologies. The current challenges and future prospects for genomeediting technologies in cardiovascular medicine are also discussed.
INTRODUCTION

Genetics and Cardiovascular Diseases
The large majority of CVDs are complex, heterogenous, and polygenic [1] . In general, genetic mutations can be classified as gain-or loss-of-function of protein, leading to mechanistic insights of CVD. To date, with advancements in genomics, bioinformatics and technologies, determining whether genetic polymorphisms are truly pathogenic and capable of causing CVD is feasible. Studies over the past decade have found the relationship between genetic polymorphisms and CVD (e.g., hypertrophic cardiomyopathy, dilated cardiomyopathy, arrhythmogenic cardiomyopathy, brugada syndrome, and familial hyperlipidemia). To date, studies found that genetic polymorphisms are associated with subclinical disease such CV risk factors in coronary artery disease (CAD) [2, 3] .
Recent meta-analysis showed that ABO and ADAMTS7 genes were associated with angiographically confirmed *Address correspondence to this author at the Department of Internal Medicine, Icahn School of Medicine at Mount Sinai, 1000 10 th Ave, New York, NY 10019, USA; Fax: 212-523-8605; Tel: 212-523-4000; E-mail: Chayakrit.Krittanawong@mountsinai.org coronary atherosclerosis, while CNNM2 and APOA5 genes were associated with hypertension and hypertriglyceridemia, respectively [4] .
In 1990, Rigat et al. [5] identified the polymorphism of the angiotensin-converting enzyme (ACE) gene based on the presence or absence of a 287-bp element on intron 16 on chromosome 17. In fact, ACE gene insertion/deletion (I/D) polymorphisms can influence the variability in systemic ACE levels [6] . To date, studies found that I/D and D/D polymorphism in the ACE gene was associated with CAD [7] and the development of LVH in patients with hypertension [8, 9] . In addition, meta analysis [10] showed that the D allele of ACE gene was significantly associated with an increased risk of CVD (CHD, CAD, and MI). Meiling et al. [11] found that ACE gene I/D polymorphisms and the CHD in Hainan Li and Han nationality via a mechanism of higher TG level and the lower HDL-C level. Interestingly, recent study suggested that the D allele of the ACE gene may increase the risk of developing heart failure with a preserved ejection fraction (HFpEF) via a mechanism of LVH in patients with hypertension [12] . However, The I/D polymorphism of ACE gene may be in linkage disequilibrium with other SNPs or allelic variant. Therefore, the analysis of multiple genetic markers in the context of inkage disequilibrium with other SNPs or allelic variant is required to increase the probability of providing clinically useful information.
Minor allele carriers of several genetic polymorphisms in TGFB1, MMP3, GJA4, APOE ε4 allele, R92H allele in PLA2G7 gene were associated with an increased risk of developing CHD [13, 14] . However, further studies comparing the effect of those genes in CHD are needed in order to use predominant genes in genome editing. For example, ElLebedy et al. [15] found that apoE gene polymorphisms associated with CVD and identified apoE as an independent risk factor for both T2DM and CVD. Therefore, APOE gene polymorphisms should be targeted for genome editing to reduce incident T2DM and CVD.
In addition, Panahloo et al. [16] showed that T2DM subjects with the DD polymorphism in the ACE gene had increased insulin sensitivity, leading to lower concentrations of insulin level. Polymorphisms in CDKN2A/2B and FTO may be associated with T2DM in Chinese populations [17] , while CDKAL1 gene rs7756992 A/G polymorphism was significantly associated with T2DM susceptibility in the Caucasian [18] . The alpha subunit of the type V voltage-gated sodium channel (SCN5A) mutations was associated with an inherited cardiac arrhythmia [19] , dilated cardiomyopathy [20] , and long QT syndrome [21, 22] .
Over the last ten years, GWAS have evolved as a powerful tool for investigating the genetic architecture of human disease. To date, GWAS was achieved by genotyping families affected by CVDs using a collection of genetic markers across the genome using linkage analysis technique to examine how those genetic markers segregate with the disease across multiple families.
A recent meta-analysis of GWAS involving more than 30,000 case and control subjects showed that CAD was associated with LIPA, PDGFD, ADAMTS7-MORF4L1, and KIAA1462 in multiple ethnic groups [3] . A GWAS found that idiopathic dilated cardiomyopathy was associated with genetic polymorphisms in the HSPB7 gene [23] . Moreover, GWAS have also identified genetic polymorphisms for arrhythmias, including atrial fibrillation [24] , ventricular fibrillation [25] , sudden cardiac death [26] , and the sick sinus syndrome [27] .
In fact, the analysis of GWAS is a very specific, clinically relevant disease phenotype. GWAS might need to be specifically evaluated for genome editing. For example, the analysis of GWAS to identify predominantly non-coding sequences which could ultimately turn out to be in key regulatory regions of the genome, such as enhancers, which help turn genes on and off.
Genome Editing Based Therapy
Genome-editing technology is rapidly growing and being applied into cardiovascular medicine and research to facilitate a greater understanding the pathogenesis of CVD (i.e. lipid metabolism, electrophysiology, cardiomyopathies, HFpEF) to open the door to novel therapies.
Genome-editing based therapy includes correction or inactivation of deleterious mutations that cause CVDs, the addition of therapeutic genes to specific sites in the genome, the removal of deleterious genes or disruption of specific genome sequences. Genome editing can be used for therapeutics in monogenic CVD (i.e. familial hypercholesterolemia, sudden cardiac death, long QT syndrome, Marfan syndrome) or prevention of polygenic CVDs (i.e. CAD, hypertension or HFpEF). To date, the developments in sitespecific genome engineering using 3 major classes of nucleases (molecular scissors) include zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9) systems have been implemented in cardiovascular care to enable site-specific genome-editing based therapy. Briefly, these molecular scissors can be custom-engineered to create double-stranded DNA (dsDNA) breaks at a targeted sequence in specific genomic location. Next, dsDNA break can be repaired by either the non-homologous end joining pathway or the homologous recombination pathway. Using molecular scissors to modify these polymorphisms is promising and can be tested in animal models before testing in human. This genome-editing approach may have therapeutic potential for the prevention of CVD ( Table 1) . Using molecular scissors in I/D and D/D polymorphisms in the ACE gene could potentially have important prevention in insulin insensitivity, HFpEF and CAD. For example, genetic mutations in the cases of the D allele of the ACE gene for HFpEF may be corrected by using gene disruption method to specifically inactivate the pathogenic allelic variants. PCSK9 plays a major role in the LDL receptor pathway and LDL-C metabolism. To date, CRISPR-Cas9 genome editing approach, a widespread popularity in cardiovascular genomics and research, has been implemented in mices. Recent study showed that genome editing with the CRISPR-Cas9 system disrupts the PCSK9 gene in vivo with high efficiency and reduces LDL-C in mice [28] .
In addition, Claussnitzer et al. [29] performed a combination of GWAS and CRISPR-Cas9 genome editing in ARID5B, IRX3, IRX5 gene variants, and rs1421085 SNP in mice and found that those variants were associated with proobesity and anti-obesity effects via a mechanism of calorie storage in white fat and brown fat. Additional studies in human are needed to confirm the potential of the CRISPR-Cas9 system for manipulating the PCSK9 gene and obesity related genes. Liang et al. [30] performed CRISPR/Cas9-mediated genome editing technology in 2 patients with type 1 BrS carrying 2 different SCN5A variants compared to 2 healthy control subjects. They found that correcting the SCN5A variant (rs397514446) using CRISPR/Cas9-mediated genome editing lead to restoration of electrical properties, including normalization of beat-to-beat interval, a fast AP upstroke velocity, and Ca2+ transients that are as robust as those from the control myocytes. However, further studies using pluripotent stem cell-derived cardiomyocytes may provide insight into the cellular mechanisms of BrS and accelerate discovery of new therapeutic modalities.
However, each of ZFNs, TALENs, and CRISPR/Cas9 system has different roles and disadvantages. ZFNs are small in size, but they are difficult to design to bind a desired sequence, their target-site selection is limited, and there is often no potential targetable site in the genomic region of interest. TALENs are easy to design, and the capacity to easily generate longer DNA-binding domains (by simply adding extra repeats) allows for greater target-site specificity; however, TALENs are much larger than ZFNs, which complicates their delivery into cells. The CRISPR/Cas9 system has recently emerged as a potentially facile and efficient alternative to ZFNs and TALENs for inducing targeted genetic alterations. The CRISPR/Cas9 system is simple to design, cost-effectiveness, time-efficient, easy construction and lower toxicity in human cells and it is easy to target multiple genomic locations simultaneously by using multiple guide RNAs, not protein/DNA recognition [31] . In addition, guide RNAs can be designed easily and cheaply to target nearly any sequence in the genome specifically. To date, several biotech companies and academic institutions announced the launch of their first clinical trials using CRISPR-Cas. barriers. He et al. [32] compared TALENs with CRISPR/Cas9 and found that CRISPR/Cas9 is more efficient and precise than TALEN in context of induced targeted genomic deletion, but TALENs is more efficient at stimulating homology directed repair (HDR) more efficiently than CRISPR/Cas9 and caused fewer targeted genomic deletions, compared to CRISPR/Cas9. Several clinical trials have been using genome editing in various fileds such as HIV infection and hematooncology. ZFNs, TALENs, and CRISPR/Cas9 system have the potential to revolutionize cardiovascular research and impact personalized medicine. However, CVDs are mainly heterogenous with environmental factors involvement. Genome editing may be challenging biologically (notably the postmitotic nature of cardiomyocytes) and technically. In conclusion, in cardiovascular genomics, understanding genetic mechanisms using big data analytics, GWAS and applying genome-editing technologies to improve therapeutics towards personalized medicine. Genome-editing technologies have enabled a new paradigm in which the sequence of the human genome can be precisely manipulated to achieve a therapeutic effect. In fact, the genome-editing field has already established itself as a powerful tool for the generation of new cellular and animal models to investigate pathophysiological mechanisms in medicine, particularly in infectious diseases and oncology. The genome-editing field in cardiovascular medicine is growing and we can undoubtedly expect remarkable opportunities for novel therapies for CVDs. However, potential barriers in genome editing technologies include biomolecular complexity, shortage of staffs, technical difficulty, time consumping and cost-effectiveness. In the future, genome editing based therapy can be used in T2DM, CAD, heart failure, metabolic syndrome and familial hypercholesterolemia and allow us to study the molecular mechanisms underlying the pathology of genetically based CVD. However, much work remains in addressing the current shortcomings of genome-editing technology.
CONCLUSION
In the past decades, numerous genetic polymorphisms have been implicated in the pathogenesis of cardiovascular diseases (CVDs). Large amount of data have increasingly been promoted as a revolutionary development in the genomic medicine. Progress in genomics and bioinformatics using big data analytics has facilitated the successful implementation of genome-wide association studies (GWAS) towards understanding the genetic basis of CVDs. GWAS have identified a large number of single nucleotide polymorphisms (SNPs) and genetic polymorphisms associated with CVD phenotypes. To date, genome-editing technologies are revolunizing cardiovascular clinical care. In the future, big 
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